The lactulose H 2 -breath test is the most widely used non-invasive approach for evaluation of orocoecal transit time (OCTT). In the present study, doubly-labelled lactose-[ 13 C, 15 N]ureide (DLLU) was synthesized to investigate the OCTT in comparison to the conventional lactulose H 2 -breath test. Additionally, the bacterial breakdown rate (BBR) and rate of elimination and the metabolic pathways of the cleavage products of DLLU ( 13 CO 2 , [ 15 N]urea, and 15 NH 3 ) were investigated. Design and subjects: In a first study, DLLU was administered as a single oral-pulse-labelling (dosage: one gram) either without and after pretreatment of five grams of unlabelled lactoseureide (LU) on the day prior to the study to twelve healthy adult volunteers after breakfast. Breath and urine were collected in one and two hourintervals, respectively, over a one-day period.
Introduction
The lactulose [4-(b-D-galactopyranosyl)-D-fructose] hydrogen (H 2 )-breath test is a simple, inexpensive and non-invasive method widely used for quantifying the orocoecal transit time (OCTT). After ingestion of lactulose, H 2 is produced during bacterial fermentation of the nonabsorbable disaccharide lactulose in the human colon. Hydrogen is subsequently absorbed and either excreted in breath or metabolised by gut bacteria to CH 4 , H 2 S, and short chain fatty acids (Bond and Lewitt, 1978) . The OCTT reflects arrival of the 'head' of the lactulose in the coecum and has been used as a marker of 'mouth to coecum transit time '. Comparisons have been made between OCTTs reported in various lactulose H 2 -breath test studies demonstrating the influences by several intestinal and other factors that cause a large variability of the values ( King and Toskes, 1986; Jorge, Wexner and Ehrenpreis, 1994; Gudmand-Hoyer, 1989, 1990; Sarno et al, 1993 ; Stainforth and Rose, 1989; Wilberg, Pieramico and Malfertheiner, 1990) .
Other conventional methods for the determination of OCTT are based on radiographic and scintigraphic methods using 111 In-labelled plastic particles, Barrow et al, 1992; Hirakawa et al, 1988; Madsen et al, 1991; Pressman et al, 1987; Sciarretta et al, 1994) . For ethical reasons, invasive or radioactive methods for OCTTmeasurements are not justificable, especially in childhood and pregnancy. The development of alternative non-radioactive methods aimed at the recording of the OCTT is of great interest, especially with respect to some important limitations of lactulose H 2 -breath tests: Transit disorders can occur especially after administration of high (> 10 g) or low (< 10 g) lactulose dosages, after bacterial fermentation of malabsorbed dietary fibre materials providing an interfering H 2 -rise, or in H 2 -non-producers, making the lactulose H 2 -breath test less valuable for evaluation of OCTT (Corazza et al, 1993; Gudmand-Hoyer, 1989, 1990; Rumessen, 1992; Wilberg, Pieramico and Malfertheiner, 1990; Sarno et al, 1993 ; Strocchi and Levitt, 1992; Wutzke et al, 1996) .
Among a broad variety of potentially usable substrates, glycosyl ureides (GU) were found to be suitable for measurement of OCTTs (Heine, Berthold and Klein, 1995) . Glycosyl ureides are formed under acidic conditions from reducing sugars and urea.
Since the discovery of the formula by Schoorl (1903) at the beginning of this century, the chemical properties and physiological behaviour of GU have been intensively studied (Benn and Jones, 1960; Goodman, 1958; Helfrich and Kosche, 1926; Hofmann, 1931; Hynd, 1926; Mayer, 1909) especially in ruminant nutrition (Merry, Smith and McAllan, 1982) . Glycosyl ureides were found to be degraded in the rumen more slowly than the single components, and to have the advantage of supplying both the ammonia and the energy needed for microbial protein synthesis simultaneously (Merry, Smith and McAllan, 1982) . The molecular bond between the carbohydrate moities and the urea has been shown to resist enzymatic degradation in the gastrointestinal tract, but to be split by selected intestinal microbes in animals (Hofmann, 1931; Hynd, 1926; Merry, Smith and McAllan, 1982) . Glycosyl ureides are apparently absorbed to a limited extent but undergo no further metabolism (Mayer, 1909) . These properties make them suitable as markers for intestinal transit time.
Heine, Berthold and Klein (1995) recently described a novel stable isotope breath test using different 13 C-labelled GU as non-invasive markers for the measurement of OCTT. In continuation of this study, we synthesized DLLU to trace the fate of both isotopes in urinary total-15 N, urinary total- 13 
Methods

Synthesis of DLLU
DLLU was synthesized by acid-catalyzed condensation of lactose with urea according to the method of Schoorl (1903) as modified by Hofmann (1931 ]urea, the mixture was adjusted to pH 1.6 by adding half-concentrated HCl. The mixture was then heated in a water bath at 42 C for 9 d. DLLU began to crystallize after cooling the solution to 4 C in a refrigerator overnight. The substrate was recrystallized two times using hot water and ethanol.
The purity of DLLU (molecular weight: 403.4) was proven by thin layer chromatography as described previously (Heine, Berthold and Klein, 1995 
Subjects
Twelve healthy Children's Hospital staff members (10 male, 2 female, age: 26-64 y, weight: 60-91 kg) volunteered for this study. None of the subjects were receiving any medication or had a history of gastrointestinal disease or surgery. All subjects were on a normal mixed diet and had no irregularities of intestinal motility. The testing protocol was approved by the Committee on Ethics of the Faculty of Medicine of the University of Rostock.
Study protocols
Study Ia Subjects were studied after an overnight fast. All volunteers received a continental breakfast made up of one wheat flour-roll, marmalade, butter and coffee at 7:45 am. Baseline breath-and urine-samples were analysed 5 min prior to the ingestion of DLLU to determine the baseline abundance of 15 N and 13 C. After breakfast (8:00 am) one gram DLLU, corresponding to a 13 C-and 15 N-dose of 28.83 and 7.33 mg, respectively, was administered with 100 ml cold tea as a single oral-pulse-labelling. None of the subjects regurgitated after having received the tracer. Individual mixed meals were served at 12:30 pm and at 6:30 pm.
Urine was collected at 2 h-intervals over a period of 30 h after tracer administration. The urine volumes were recorded, 25 ml of each sample were acidified with 6 N H 2 SO 4 to attain a pH of Study Ib After two weeks, the same subjects received a pre-dosage of five times 1 g LU in 4 h-intervals 24 h prior to the administration of the labelled tracer. The procedure
of food intake, tracer administration, urine and breath collection were identical with Study Ia.
Study II Later on, the same twelve subjects were studied after a 12 h overnight fast. The study subjects were given a low fibre and carbohydrate meal in the evening prior to the study to reduce baseline H 2 -concentrations. All volunteers received the same continental breakfast as in the previous Studies Ia and Ib at 7:45 am. Basal H 2 -breath levels in parts per million (PPM) were analysed 5 min prior to the ingestion of lactulose to determine the baseline abundance of H 2 . At 8:00 am 10 g lactulose (Merck, Darmstadt, Germany) was administered with 100 ml cold tea. Breath samples were collected twice in quarter, half and one hour-intervals over a 10 h-period by aspirating aliquots of end-expiratory air into 20 ml plastic syringes equipped with three-way stopcocks. Samples were measured within 14 h of collection. Individual mixed meals were served at 12:30 pm and at 6:30 pm.
Analytical techniques
Ammonia was separated in microdiffusion vessels by 12 h diffusion, following alkalization of the urine with 6 N NaOH, and then trapped in 0.1 M boric acid. Urinary urea was degraded to ammonia enzymatically by urease (Merck, Darmstadt, Germany) in a 12 h treatment at room temperature, followed by the ammonia-microdiffusion technique (Wutzke et al, 1992) .
Automated nitrogen carbon analysis-solid liquid (ANCA)-SL mode for solid samples 25
m l urine samples were dried, sealed into tin capsules and loaded in an autosampler. During operation, a tin capsule falls into the combustion tube as a pulse of O 2 is injected. Combustion products pass into the reduction tube where oxides of nitrogen are reduced. A magnesium perchlorate trap removes water, and a gas-chromatograph column separates N 2 from trace impurities. During 15 N-analysis, a Carbosorb 1 trap is automatically selected to remove CO 2 .
Automated breath carbon analysis (ABCA)-mode for gases
With the autosampler, a double needle pierces the vial septum and injects helium carrier gas into the vial. This forces sample gas out of the vial and sweeps it through a MgClO 4 drying tube before entering the gas-chromatograph. After gas-chromatographic separation, a changeover valve sends the gas to the tracer mass for analysis. The mass spectrometer (Europa Scientific, Crewe, UK) functions as a mass selective detector (MSD) preset for three masses. A sector analyser is used with a triple Faraday collector and permanent magnet. A capillary interface is included for connecting to the ANCA-SL and ABCA-mode. The external precision (s.d.; n 5) for CO 2 is 0.2% 13 C and for N 2 0.5% 15 N. In the ANCA-mode, a urea-standard (Merck, Darmstadt, Germany) calibrates both elemental composition and isotopic abundance. In the ABCA-mode, a secondary standard gas 5% CO 2 in N 2 (Messer Griesheim, Duisburg, Germany) is calibrated to allow delta values to be quoted against the Pee Dee Balemnite-world standard (PDB). (Lembcke, Kirchhoff and Caspary, 1983) .
Continuous flow-isotope ratio mass spectrometry (CF-IRMS) Tracer mass
Calculations
We used the following equations (Brösicke, 1987; Radke et al, 1995) : (Schoeller et al, 1980; Vantrappen et al, 1989) D d BBR The BBR (duration of excess 13 C-and H 2 -excretion) of both substrates was estimated from the time-span between the rise-and the decline-levels of two DOB, and ten PPMOB of the 
Results
In Study Ia
13 CO 2 -signals were observed in the expired air of 12 subjects beginning 2 h after DLLU-administration. 
The mean maximum 13 CO 2 -enrichment of 10.9 DOB was reached at 10 h, levelling out at approximately 22 h (Figure 1) .
In Study Ib the premedication of five times 1 gram LU at 4 h-intervals 1 d prior to the pulse-labelling caused a shifting of the maximum 13 CO 2 -enrichment (19.0 DOB) down to a level of 7 h after DLLU-application. After about 14 h, the 13 CO 2 -enrichment declined approximately to the base-line level (Figure 1 ). The rise of 13 CO 2 -enrichment in this study was earlier and steeper and lead to a reliable estimation of the mean OCTT and the mean BBR of 3.02 6 1. 4 and 9.63 6 3.4 h, respectively (Table 1) . The percentage cumulative 13 CO 2 -exhalation remained constant in both studies: A total of 35.2% and 36.2%, respectively, was found to be exhaled after pretreatment and reached a plateau after 22 h (Figure 1) .
In contrast, total urinary excretion of the stable-labelled isotopes 13 Another result was the observed discrepancy between the cumulative excretion of both isotopes in urine and breath: The sum of urinary and breath elimination of 13 C was approximately constant in both studies 48.8% and 50.8%, respectively, according to a urinary 13 C-excretion of 13.6 and 14.6% whereas the urinary 15 N-excretion was lower (29.9% and 32.1%, respectively) (Figures 1 and 3) . The 15 N-enrichment in urinary urea and urinary ammonia was simultaneously detectable with the 13 C-enrichment in breath 2 h after ingestion of DLLU (Figure 4) . In Study Ia the maximum 15 N-enrichment of urea (43.1 DOB) and ammonia (25.8 DOB) was detected after 12 h. The premedication of LU in Study Ib caused a shifting of the maximum 15 N-enrichment in urinary ammonia (27.3 DOB) In Study II mean H 2 -signals were observed in the expired air of 11 subjects beginning 1.84 6 0.5 h (1.5-2.75 h) after lactulose administration. The mean maximum H 2 -concentration of 29.75 PPMOB was reached at 3.5 h, levelling out at approximately 10 h ( Figure 5) . In all cases, the fasting H 2 -concentrations in breath were less than 12 PPM with one exception (16 PPM). An early mean H 2 -rise (7.17 PPMOB) was observed 15 min after lactulose administration.
The mean OCTT and BBR as determined by the lactulose H 2 -breath test were 1.84 6 0.5 and 6.07 
One of the twelve volunteers was a H 2 -non-producer ( 7 PPMOB sustained rise of H 2 -concentration). Three other volunteers complained about bowel movement and another one about diarrhoea.
Discussion
The search for useful breath tests for detection of gastrointestinal diseases has emerged as an exciting diagnostic technique. To date, the application of 13 C-labelled substrates for diagnostic breath tests is directed to diseases of the stomach, liver, pancreas, and small bowel (Ghoos et al, 1993 ; Klein and Klein, 1985; McLean et al, 1983 ; Mundlos, Kühnelt and Adler, 1990; Murphy et al, 1990 ). The non-invasive lactulose H 2 -breath test is widely used for quantifying the OCTT based on the metabolic release of H 2 from the non-absorbable disaccharide lactulose in the human colon. Nevertheless, there currently is general confusion about OCTT-measurements by means of the lactulose H 2 -breat test. This confusion may be attributed to the fact that there is a considerable methodological variation when using this analytical method. One main aspect is that different lactulose dosages and different definitions of the coecal entry time lead to a broad variety of OCTT-values: Oro-coecal transit times estimated by different research groups ranged between 45 and 120 min (Bond and Lewitt, 1978 , 1990) . Usually, this test requires high amounts of lactulose (10-25 g) to obtain reliable H 2 -signals (> 10 PPMOB). This may result in dumping symptoms, leading to accelerated small bowel transit times and to osmotic diarrhoea. In our own previously carried out studies, we observed a dose-dependency of lactulose (25 g vs 6.25 g) on the OCTT: The higher the dose, the shorter the OCTT. Under these conditions, OCTTs differed between 70 and 205 min (Heine, Mohr and Münch, 1996; Wutzke et al, 1996) . Other conventional methods for evaluation of OCTTs are based on radiographic and scintigraphic methods using barium meals, 111 In-labelled plastic particles, [ 99m Tc]DTPA (Barrow et al, 1992; Ghoos et al, 1993; Hirakawa et al, 1988 ; King and Toskes, 1986; Madsen et al, 1991; Pressman et al, 1987; Sciarretta et al, 1994) .
The major difficulty in assessing OCTTs is the absence of a 'gold standard'. Therefore, the aim of the present study was to develop and evaluate a new non-invasive and nonradioactive method for measuring the OCTT and the BBR.
In search of substrates equipped with the properties of low intestinal absorption, avoidance of fluctuation in osmolarity, and the lacking of degradation by intestinal and intermediary enzymes, GU were selected and used for the first time in 1991 for evaluation of OCTT (Heine, Berthold and Klein, 1995) .
In the present study with DLLU, the onset of the 13 Cenrichment in CO 2 of the expired air and the 15 N-enrichment in urinary urea and urinary ammonia reflected the microbial degradation of the substrate. The time-span between the ingestion of DLLU and the rise of the 13 CO 2 -breath signal reflects the OCTT. On the other hand, the time-span between the rise and the decline of the 13 CO 2 -breath signal reflects the duration of bacterial degradation of the substrate in the coecum and is identical with the BBR (duration of excess 13 C-excretion). The LU-pretreatment prior to the pulse labelling resulted in a higher and steeper 13 CO 2 -enrichment, due to the induction of the microbial enzyme activity. This led to a reliable estimation of the OCTT and the BBR of 3.02 (Figure 2) indicates that 15 N]ureide are partially absorbed from the upper small intestine, but undergo no further metabolism. Heine, Berthold and Klein (1995) reported that the label in urine is excreted as inert glucose ureide. The renal excretion of this compound provided proof of the hydrolysis of the disaccharide bond and the resistance of the glucose-urea linkage to hydrolysis by brush border enzymes. The labellings of urinary urea and urinary ammonia were detectable simultaneously with the enrichment of 13 CO 2 in exhaled air 2 h after DLLUadministration (Figures 1 and 4) . This observation furnished evidence of enzymatic degradation of DLLU in the coecum when the glycosyl-urea bond is split, leading to further breakdown of the released doubly-labelled [ 13 C, 15 N]urea to 13 CO 2 and 15 NH 3 . These end products are finally excreted in breath and urine.
The observed discrepancy between the cumulative excretion of both isotopes in urine and breath suggest that a part of the released 15 N-ammonia is absorbed and utilized via transamination processes. Jackson and colleagues studied the colonic recycling of blood urea and suggest that it can be used for as much as 30% for the total urea nitrogen synthesis ( Danielson and Jackson, 1992; Hibbert, Forrester and Jackson, 1992; Moran and Jackson, 1990; Wheeler, Jackson and Griffith, 1991; Wheeler, Griffith and Jackson, 1993) . The data in Figure 3 confirm this. In Study Ib, 14.6% of the 13 C-label was excreted in urine (as glucoseureide) whilst 32.1% of 15 N was excreted. This difference is supposed to be the extent to which colonic urea can be recycled through the body's a -amino-nitrogen pool. Labelling of LU with two stable isotopes allows to follow the different metabolic fates of both urea moieties. The colonic hydrolysis of DLLU releases 13 CO 2 and 15 NH 3 . These end-products follow separate metabolic pathways: The majority of the 13 CO 2 is excreted in breath. In contrast, the 15 NH 3 is probably incorporated into bacterial protein or absorbed across the colon wall to enter the a -amino-nitrogen pool before eventual re-incorporation into urea. The appearance of urinary total-13 C and urinary total- 15 N gives an index of intestinal absorption.
In the present study, the faecal excretion of both isotopes was not analysed. Bundy (1995) 
The 13 C-enrichment in urine, the 15 N-enrichment in total urine, urinary urea, and urinary ammonia, the recovery in urine and breath and the results after DLLU-administration without LU-pretreatment have not used for calculation of OCTT. These data were measured to follow the metabolic fate of DLLU.
As shown in additional experiments, the microbial enzymes responsible for the degradation of the substrate are primarily not available in full activity. The pretreatment of LU prior to the ingestion of DLLU resulted in higher and steeper 13 C-signals. This suggests a preceding induction of the enzyme activity as already described by Rijnierse, van der Drift and Vogels (1977) for allantoinase and allantoicase. The DLLU-degradation is probably carried out by two enzymes: Allantoate-amidohydrolase (EC 3.5.3.9), and allantoate-amidinohydrolase (EC 3.5.3.4). These enzymes are supposed to be responsible for glucoseureide breakdown to glucose and urea (allantoate amidinohydrolase) or to glucose, ammonia, and carbon dioxide (allantoate amidohydrolase). We strongly suppose that GU are splitted by the same enzymes as allantoin and allantoate, since all three substrates have a conspicuous stereo-chemical similarity. Our scheme of the LU-degradation steps as shown in Figure 6 is a hypothetic model. Allantoate amidinohydrolase and allantoate amidohydrolase are present in Pseudomonas aeruginosa and other colonic microbes. Our observations of the pretreatment tests (Figures 1-4 ) strongly suggest a preceding induction of the enzyme activity as already described for these enzymes in Pseudomonas aeruginosa (Bongaerts and Vogels, 1976; Franke et al, 1965; Rijnierse, van der Drift and Vogels, 1977) .
The main drawback of several papers published dealing with the evaluation of OCTTs by comparing radiographic, scintigraphic and lactulose approaches is the administration of radio-labelled markers and lactulose simultaneously (Madsen et al, 1991; Hirakawa et al, 1988; Sciaretta et al, 1994) . High lactulose dosages (18-20 g) accelerate the lactulose transit because of its osmotic activity and furthermore accelerate the small intestinal transit rate of radiolabelled markers if they are added simultaneously. Seen in this light, relatively identical mean OCTTs measured with barium (63 min), 99m Tc (45 min) and H 2 (62-74 min), respectively, should be interpreted with caution (Hirakawa et al, 1988; Sciaretta et al, 1994) . Therefore, in the present paper we carried out both studies at two different times to avoid an interference between lactulose and DLLU. The evaluation of BBRs by bacterial degradation of lactoseureide and lactulose indicate that different bacterial species are involved in the process of generating CO 2 and H 2 from malabsorbed substrates.
The comparison of the lactose-[ 13 C]ureide 13 CO 2 -breath test and the lactulose H 2 -breath test for evaluation of the OCTT showed a statistically significant shortening of 1.18 h by using the lactulose H 2 -breath test in healthy adults. The results of this comparison showed that the requirement of relatively high amounts of lactulose ( 10 g) to obtain reliable H 2 -signals provoked dumping symptoms, leading to accelerated small bowel transit and to osmotic diarrhoea. Dose dependency, influence of dietary fibre and H 2 -nonproducers are important limitations of lactulose H 2 -breath tests for evaluation of OCTT and lower the validity of these tests. This is in strong contrast to our lactose-[ 13 Wutzke KD et al (1996) . Combined sodium-[ 
